A simple and intuitive deposition technique is here discussed to obtain titanium oxide (TiOX) used as an electron collecting layer in polymer solar cells based on the thermal evaporation of the pristine titanium (Ti) and further thermal treatment to convert the metal in oxide. Since the degradation of indium-doped tin oxide (ITO) at high temperatures is an issue, we demonstrated that the combination of glass/fluorine tin oxide (FTO) and high temperatures represents a promising approach in the fabrication of inverted polymer solar cells with such a titanium oxide electron collecting layer.
Introduction
Interface engineering is one of the most used strategies in organic photovoltaics (OPV) to fabricate high efficiency devices [1, 2] . Insertion of charge collecting buffer layers or functionalization of the interfaces between electrodes and active film permit to enhance charge collection, control of the energy level alignment, and stability of polymer solar cells (PSCs) [2] [3] [4] [5] [6] [7] [8] [9] . Conventional PSCs are usually based on an indium-doped tin oxide (ITO) anode and a low work-function (φ) metal cathode, such as LiF/Al (φ ~ 3.4 eV) [10] and Ca/Al (~ 2.9 eV) [11] .
Since the low work-function metal is vulnerable to oxidation in ambient air, electrode degradation is a major issue [12, 13] . Recently, the optimization of the inverted structure, in which an electron-collecting/hole-blocking layer, such as titanium dioxide (TiO2), zinc oxide (ZnO), or caesium carbonate (Cs2CO3) is inserted between ITO and the active layer, has been investigated to enhance stability, thanks to a more air-stable and high work-function metals used as the top electrode, like silver (Ag, φ ~ 4.6 eV) [11] or gold (Au, from 4.6 to 5.1 eV based on deposition technique) [3, 14] . Although titanium oxide is characterized by lower electron mobility than ZnO and Cs2CO3, it possesses interesting optical [15] and morphological [16] properties. For example, the treatment of TiOX at high temperatures (>400°C) converts the amorphous oxide into crystalline TiO2 [16] . Several processes have been investigated in the literature in order to achieve thin films of titanium dioxide, these include solution processing [17, 18] , spray pyrolysis [19] and atomic layer deposition (ALD) [20] . In addition, pristine titanium (Ti) was also investigated as an electron collecting layer in a cell structure. As described by Glatthaar et al., 20-nm of Ti, deposited via electron beam between Al and the active layer, leads to a better interface in ITO-free solar cells [21] . 5-nm Ti deposited by radiofrequency (RF) magnetron sputtering on AZO (aluminium-doped zinc oxide) covered glass and subsequently oxidized by oxygen plasma treatment improved the stability of an organic solar cell [22] . A recent study describes a thermal oxidized TiO2 deposited by sputtering on top of fluorine tin oxide (FTO) as compact layer in perovskite solar cells. [23] In what follows, we describe a simple and intuitive approach based thermal oxidation of Ti deposited by using a thermal evaporator which is present in the majority of laboratories involved in organic solar cell fabrication for the synthesis of an electron collecting layer for polymer solar cells. We investigate the influence of temperature on the optical and electrical properties of thermally evaporated Ti on different transparent conducting oxides (TCOs), such as ITO and fluorine tin oxide (FTO). We then incorporate these thermally oxidized Ti-TiOx layers in inverted polymer solar cell structure showing how the increasing degree of oxidation of the Ti layers improves the performance of the solar cells, yielding a simple and effective recipe for the creation of an effective electron collecting layer.
Experimental Methods
Polymer solar cells were built on FTO (Pilkington, ~8Ω/□) and ITO (Xinyan Technology, ~8Ω/□) glass substrates. Titanium (Umicore) was thermally evaporated on the substrates at 0. 
Results and discussion
The influence of thermal treatments on the optical properties of the Ti film was investigated to analyse the different transmittance spectra of the treated films at room temperature, 150 °C, . This is very apparent even to the naked eye from the insets of Fig. 1(a) . Interestingly, a slight decrease of transmittance in the near-UV is observed which is due to high crystalline titanium dioxide [25] . In order to prove this, we calculated through the Lambert-Beer law the absorbance spectrum of TiO2 (we considered the reflectance negligible), and plotted it in Fig. 1(b) . As can be noted, the FTO/TiOX substrates deliver higher efficiency solar cells after treatment at both RT and 450 °C, compared to the same devices prepared over ITO. The causes for the difference in behaviour are essentially twofold. However, although the efficiencies are lower than those usually achieved with recent low band-copolymers, this comparison clarifies that the higher temperature annealing treatments enabled by the FTO use conducts to a better oxidation of the Ti layer, as shown in figure 1 , neglecting the limit due to the ITO degradation. [27] TiO2 is known to be a very efficient electron extractor for polymer solar cells. FTO substrates provide a better collecting contact (in terms of JSC and VOC) than ITO. This is likely due to the morphology, chemical composition and work function of the TCO, which leads to a different growth of Ti/TiO2. Fig. 4 shows the absorbance of 10-nm Ti evaporated and progressively thermal treated on top of different substrates: glass, glass/ITO and glass/FTO. The absorbance spectra of Ti on top glass and glass/ITO exhibit a significant decrease significantly (~ 100 %) over 320 nm after the thermal treatment at 450 °C. Such decrease is entirely expect as a result of the thermal oxidation of Ti. Contrary, for Ti on top of glass ITO, the absorbance spectrum increases (almost up to two times) from 320 and 350 nm with a minimum peak at 400 nm compared to that measured with not-treated Ti. This behaviour is comparable to that observed for Ti-doped ITO suggesting that this is the result of an indium diffusion into titanium oxide triggered by ITO degradation at the high temperatures [28, 29] . Furthermore, Ti is been also shown to form small Ti crystallites (~ 8-10 nm) at the surface of thicker Ti (~ 150 nm) that aggregate into separated clusters [30] comparable with the thickness here discussed. And, 15-nm Ti is necessary to obtain a completely coverage of TCO substrate, in particular for FTO [23] . Therefore, the FTO work function (4.4 eV) [6] lower compared to ITO (4.7eV) [3] can contribute to improve electron extraction, which is further enhanced after oxidizing the layer at 450 °C, even for a non-fully-converted and clustered thin Ti.
Conclusion
We discussed the development of a simple deposition and processing technique for titanium 
